Introduction 25
Bacteria inhabiting the nutrient-rich microhabitat of rhizosphere, i.e., the soil immediately 26 surrounding plant roots, are known as rhizobacteria and are thought to benefit from the abundant 27 organic compounds released by roots as a ready source of nutrients. However, antagonistic 28 interactions such as parasitism (Cacciari et al. 1986 ) and competition with plants and other 29 microbes for these nutrients (Cocking 2003 ) may reduce the abundance of certain rhizobacterial 30 species including those known to exert positive effects on plant growth. In addition, a subset of 31 plant-colonizing bacteria and rhizobacteria may acquire these nutrients by colonizing plants 32
internally and stimulating plant growth in return. The term 'bacterial endophyte' is used to 33 describe a bacterium that colonizes internal plant tissues without inducing disease symptoms 34 (Hallmann et al. 1997; Azevedo et al. 2000) . By occupying the plant interior, bacterial 35 endophytes may have a comparative advantage over rhizosphere-colonizing bacteria due to ready 36 access to continuous supplies of nutrients and an additional degree of protection from 37 competition and predation that likely occur outside plant roots (Hallmann et al. 1997) . 38
The genus Paenibacillus was assigned to accommodate the former 'group 3' of the genus 39 provided by endophytic diazotrophs that do not induce macroscopic structural changes on or in 53 the plant hosts (Dobereiner et al. 1995; Malik et al. 1997) . 54
In comparison with well-characterized N fixing systems in agricultural crops, studies of 55 diazotrophs within conifers, particularly those of commercial importance, have been scarce. In 56 North America, soil N deficiency is widespread and can limit the growth of tree seedlings in the 57 boreal forest and other ecosystems (Mahendrappa and Salonius 1982) . However, the growth of 58 certain forest tree species such as lodgepole pine (Pinus contorta var. latifolia Engelm. ex S. 59
Watson) appears to be less affected by low soil N availability (Chapman and Paul 2012 Lodgepole pine seeds were surface sterilized by immersion in 30% hydrogen peroxide for 121 90 seconds followed by three 30sec rinses in sterile distilled water. After surface sterilization, ten 122 randomly selected seeds were imprinted on tryptic soy agar (TSA) and incubated at 30°C for two 123 days to check for surface contamination. Uncontaminated lodgepole pine seeds were then placed 124 in sterile cheesecloth bags and stratified on moist, sterile sand for five weeks at 4°C. Ten 125 randomly selected stratified seeds were then checked for internal contamination by P. polymyxa 
Rhizospheric and endophytic colonization 149
For evaluation of rhizosphere colonization, three randomly selected seedlings from each 150 treatment were harvested destructively four, eight and twelve months after sowing. Seedlings 151 were removed from cone-tainers, and loosely adhering soil particles were removed from roots 152 with gentle shaking. Roots were then separated from shoots, placed in sterile Falcon tubes 153 (50mL) filled with 10mL of autoclaved PBS and shaken on a vortex mixer at 1000 rpm for one 154 minute. Ten-fold serial dilutions were performed, and 100µL aliquots were then plated on CCM 155 harvest by reducing the concentration of sodium hypochlorite from 1.3% to 1.0%. For the final 169 harvest, seedlings were treated with 0.6% sodium hypochlorite for seven minutes. 170
Analysis of foliar N and seedling biomass 171
Nine seedlings from each treatment were harvested destructively four, eight and twelve months 172 after sowing for evaluation of seedling biomass, foliar N and 15 N content. Root and shoot of 173 seedlings were separated and dried at 65°C for two days before weighing to know the biomass. 174
Needles were then removed from shoot, weighed, ground to a particle size of less than 1mm and 175 
Statistical analyses 183
For the seedling growth experiment, the eight treatment combinations, i.e., two inoculation levels 184 
Results 193
Rhizospheric and endophytic colonization 194 P. polymyxa P2b-2R was recovered from the rhizosphere of inoculated seedlings at each harvest. 195
Rhizosphere population densities ranged from 3.1 to 4.4 log cfu/g dry root and did not differ 196 significantly with soil N concentration (Fig. 1) . With the exception of those from the high N 197 treatment where P2b-2R densities increased over time, rhizosphere population densities tended to 198 D r a f t decline between months four and twelve (Fig. 1) . P2b-2R was not recovered from surface-199 disinfected lodgepole pine tissues until the final harvest when the modified surface-sterilization 200 protocol was used. Paenibacillus polymyxa strain P2b-2R was detected inside root and stem 201 tissues but not inside needles in twelve month-old seedlings (Fig. 2) . 202
Seedling growth responses to P2b-2R at varying soil N concentrations 203
Foliar N content (FNC) generally increased between four and eight months after sowing and 204 inoculation and then declined thereafter (Table S1) shoot biomass compared to their respective controls four months after sowing and inoculation 214 (Table 1) . Seedling growth inhibition appeared to be greatest in the low soil N treatment after 215 four months of inoculation, where inoculated seedlings accumulated 29.7% and 37.0% less root 216 and shoot biomass, respectively. However, this tendency was not apparent by month eight as root 217 and shoot biomass of inoculated and non-inoculated seedlings did not differ across four N 218 treatments (Table 1) Endophytic P2b-2R has been isolated from stem and root tissues of lodgepole pine 238 seedlings as early as two weeks after inoculation (Anand and Chanway 2013a), however we 239
were not able to isolate P2b-2R from surface-sterilized tissues of lodgepole pine until twelve 240 months after inoculation. Unsuccessful recovery of endophytes has been observed when sodium 241 hypochlorite was used to sterilize plant samples (McInroy et al. 1996) . At micro molarD r a f t concentrations, sodium hypochlorite is known to significantly reduce microbial populations 243 (Nakagawara et al. 1998) and may render injured bacterial cells non-culturable by predisposing 244 them to oxidative stress (Dukan et al. 1999 ) and DNA damage, which can result in loss of 245 antibiotic resistance (Dukan et al. 1999; Heisiq 1996) . When the surface sterilization protocol 246 was revised by reducing the concentration of sodium hypochlorite from 1.3% to 0.6%, 247 endophytic P2b-2R was detected in root and stem tissues of twelve-month-old lodgepole pine 248 (Fig. 2) . This reduction in concentration of sodium hypochlorite was efficient enough to kill all 249 microbes except the endophytic P2b-2R. The average endophytic population densities were 250 similar to those reported by Anand et al. (2013) and were much higher than those isolated from 251 the rhizosphere in this study, four, eight or twelve months after inoculation. This indicates that 252 the lodgepole pine interior may be a more protected habitat that allows P2b-2R to reach higher 253 population densities than in the rhizosphere. 254
The primary objective of this study was to determine if the amount of N fixation by 255 lodgepole pine seedlings colonized by P. polymyxa P2b-2R would decrease in response to 256 increasing soil N concentrations. However, even though a decrease in seedling foliar N content 257 was observed across four soil N treatments between months eight and twelve (Table S1 ) 258 indicating that lodgepole pine seedlings experienced N deficiency, we were unable to detect 259 significant foliar 15 N dilution (hence BNF) in the assay system. In fact, twelve months after 260 inoculation, the foliar N content of seedlings from very low, low and medium soil N treatments 261 was at a level that is considered 'very severely deficient' for lodgepole pine (Ballard and Seedling biomass reduction by P2b-2R inoculation in lodgepole pine seedlings was 277 previously reported in a study (Bal and Chanway 2012a). In our cone-tainer system, the 278 inhibitory effects on seedling biomass were also observed four months after inoculation ( Table  279 1). Given that N-fixation is an energetically expensive process, poorer performance of lodgepole 280 pine seedlings inoculated with P2b-2R has been suggested to result from the maintenance of 281 BNF at the expense of plant-derived carbon substrates (Bal and Chanway 2012a). However, due 282 to the insignificant inoculation effects on foliar 15 N dilution (Table S3) , it is not possible to relate 283 seedling biomass responses to BNF. Nonetheless, considering that inoculated seedlings in all soil 284 N treatments had lower root and shoot biomass than their controls after four and eight months of 285 inoculation (Table 1) , it could be hypothesized that P2b-2R can act as a parasite (at least 286 temporarily), depending on lodgepole pine for carbon substrates without providing fixed N in 287 return. Since low soil N availability can limit a plant's ability to produce photosynthate, theD r a f t greater magnitude of biomass reduction was observed at the very low and low N levels at the 289 first and second harvest (Table 1) . Our results suggest that lodgepole pine seedling growth 290 inhibition by P2b-2R can occur at a wide range of soil N concentrations and characterizes early 291 stages of the lodgepole pine x P2b-2R interaction. The pronounced seedling biomass 292 enhancement by P2b-2R that was observed twelve months after inoculation for very low N 293 treatment (Table 1) P2b-2R enhanced performance of lodgepole pine seedlings through BNF. However, the same 306 bacterial strain in our experiment was able to stimulate lodgepole pine biomass without affecting 307 foliar 15 N atom % excess (Table S3 ), suggesting that P2b-2R might promote the growth of our 308 lodgepole pine seedlings without providing appreciable amounts of fixed N. It is well known that 309 other P. polymyxa strains can enhance plant performance by producing phytohormones 310 D r a f t (Chanway 2008) , but the ability of P2b-2R to synthesize plant growth regulators such as auxins 311 and cytokinins requires further assessment. 312
To conclude, we observed that P2b-2R acts as a parasite by supressing the growth of 313 lodgepole pine during the initial stages of plant growth. But once established inside the plant, it 314 forms a mutualistic relation by taking carbon from the plant and promoting plant growth in 315 return at very low and medium N concentrations. It was also observed that this bacterial strain 316 wasn't able to fix N from the atmosphere but was still able to stimulate plant growth, likely 317 
